The peptidoglycan of Mycobacterium spp. reportedly has some unique features, including the occurrence of N-glycolylmuramic rather than N-acetylmuramic acid. However, very little is known of the actual biosynthesis of mycobacterial peptidoglycan, including the extent and origin of N glycolylation. In the present work, we have isolated and analyzed muramic acid residues located in peptidoglycan and UDP-linked precursors of peptidoglycan from Mycobacterium tuberculosis and Mycobacterium smegmatis. The muramic acid residues isolated from the mature peptidoglycan of both species were shown to be a mixture of the N-acetyl and N-glycolyl derivatives, not solely the N-glycolylated product as generally reported. The isolated UDP-linked N-acylmuramyl-pentapeptide precursor molecules also contain a mixture of N-acetyl and N-glycolyl muramyl residues in apparent contrast to previous observations in which the precursors isolated after treatment with D The peptidoglycan of Mycobacterium spp. is classified as A1␥, unmodified peptidoglycan, as is that of Escherichia coli and many other bacterial species (32). However, the peptidoglycan of mycobacteria contains a variety of reported modifications including, invariably, an N-glycolyl (NGlyc) instead of an N-acetyl (NAc) function on the muramic acid (Mur), amidation of the carboxylic acids, and additional glycine or serine residues (18, 20) . The peptidoglycan biosynthetic pathway of E. coli has been well studied (34, 35) , and the mycobacterial pathway is assumed to be the same, based on limited biochemical analysis of some years ago (25, 28, 33) and more recent comparative genomics (2, 5, 6, 21). Analysis of the various precursors of peptidoglycan biosynthesis in Mycobacterium spp. could provide important information on the biosynthetic origin of these modifications and the notable refractoriness of Mycobacterium tuberculosis to ␤-lactam antibiotics and help in the search for alternative drug regimens for the treatment of multiple-drug-resistant forms of tuberculosis (10, 16).
The peptidoglycan of Mycobacterium spp. is classified as A1␥, unmodified peptidoglycan, as is that of Escherichia coli and many other bacterial species (32) . However, the peptidoglycan of mycobacteria contains a variety of reported modifications including, invariably, an N-glycolyl (NGlyc) instead of an N-acetyl (NAc) function on the muramic acid (Mur), amidation of the carboxylic acids, and additional glycine or serine residues (18, 20) . The peptidoglycan biosynthetic pathway of E. coli has been well studied (34, 35) , and the mycobacterial pathway is assumed to be the same, based on limited biochemical analysis of some years ago (25, 28, 33) and more recent comparative genomics (2, 5, 6, 21) . Analysis of the various precursors of peptidoglycan biosynthesis in Mycobacterium spp. could provide important information on the biosynthetic origin of these modifications and the notable refractoriness of Mycobacterium tuberculosis to ␤-lactam antibiotics and help in the search for alternative drug regimens for the treatment of multiple-drug-resistant forms of tuberculosis (10, 16) .
UDP-N-acetylmuramyl-L-alanyl-D-glutamyl-meso-diaminopimelyl-D-alanyl-D-alanine (UDP-MurNAc-pentapeptide) is the final cytosolic precursor of peptidoglycan biosynthesis in E. coli. Because of the relatively low abundance of these precursors in untreated cells, drug treatment was used in order to obtain sufficient amounts for chemical characterization in mycobacterial studies. An incomplete precursor, UDP-Nglycolylmuramyl-L-alanyl-D-glutamyl-diaminopimelic acid (UDP-MurNGlyc-tripeptide) was isolated and analyzed from M. tuberculosis and Mycobacterium phlei following accumulation after treatment with D-cycloserine (28, 33) . During a comparative study, we observed that the muramic acid residues isolated from mature peptidoglycan of M. tuberculosis and Mycobacterium smegmatis were a mixture of the N-acetyl and N-glycolyl derivatives, not solely the N-glycolylated product as generally reported (4, 19, 20) . Since the nucleotide-linked precursors should reflect the nature of mature peptidoglycan, we hypothesized that the D-cycloserine treatment used in earlier studies had altered the composition of these molecules. In the present work, we have been able to isolate and analyze the nucleotide-linked precursors from M. tuberculosis and M. smegmatis with and without drug treatment, thereby allowing direct comparison.
MATERIALS AND METHODS
Bacterial strains, media, and chemicals. M. smegmatis mc 2 155 and M. tuberculosis H37Rv were obtained from the American Type Culture Collection (Manassas, Va.). Nutrient broth was from EM Science (Gibbstown, N.J.). Middlebrook 7H9 and 7H11 media were from Becton Dickinson (Sparks, Md.). UDP-N-acetylglucosamine (UDP-GlcNAc), vancomycin, D-cycloserine, trichloroacetic acid (TCA), 3-[N-morpholino]propanesulfonic acid (MOPS), mutanolysin, diaminopimelic acid (DAP), ninhydrin, and ␤-N-acetylhexosaminidase from Aspergillus oryzae were purchased from Sigma (St. Louis, Mo.). Sephadex G-25 and the Superdex peptide 10/300 GL column were from Amersham Biosciences (Piscataway, N.J.). 2-Mercaptoethanol was from J. T. Baker Inc. (Phillipsburg, N.J.). High-performance liquid chromatography (HPLC)-grade acetonitrile, water, and methanol were from Burdick and Jackson (Muskegon, Mich.). Trifluoroacetic acid (TFA) and the methanolic-HCl (3 N) kit were purchased from Supelco Inc. (Bellefonte, Pa.). Tri-Sil reagent was obtained from Pierce (Rockford, Ill.). The Hypersil ODS (C 18 ) column was purchased from Phenomenex (Torrance, Calif.). All other reagents were American Chemical Society grade or better. Pronase was purchased from Roche (Nutley, N.J.). Chalaropsis spp. muramidase was purified as described previously (11, 12) . UDP-MurNAc, UDPMurNAc-tripeptide, and UDP-MurNAc-pentapeptide were prepared as described elsewhere, using recombinant E. coli Mur A, B, C, D, E, and F (30, 37). 
Determination of the MICs of antibiotics. The MICs of vancomycin and D-cycloserine were determined by the agar dilution method. In brief, Middlebrook 7H11 agar medium supplemented with oleic acid-albumin-dextrose-catalase was prepared according to the manufacturer's instructions. Drugs were added to the medium at desired concentrations and plated, and the plates were inoculated with 5 l of M. tuberculosis H37Rv culture with an optical density at 600 nm of 0.3 to 0.5. The minimum concentration of a drug capable of completely suppressing the growth of the organism compared to that in culture without drug was defined as the MIC of that drug. The MICs of vancomycin and D-cycloserine were 12.5 and 20 g/ml, respectively.
Growth conditions and drug treatment for large-scale culture. M. tuberculosis H37Rv was grown in Middlebrook 7H9 broth containing 0.05% Tween 80 supplemented with 10% oleic acid-albumin-dextrose-catalase to mid-log phase. For drug treatment, either vancomycin or D-cycloserine (50 and 20 g/ml, respectively) was added to the mid-log-phase cultures 24 h before harvesting. M. smegmatis mc 2 155 was grown in nutrient broth to mid-log phase, and either vancomycin (50 g/ml) or D-cycloserine (20 g/ml) was added to the mid-logphase cultures 4 h before harvesting. These concentrations of antibiotics were chosen as they caused maximal accumulation of nucleotide-linked peptidoglycan precursors in both species.
Preparation of cell lysates. M. smegmatis cells (10 g) were resuspended in 30 ml of 50 mM MOPS buffer (pH 8.0) containing 10 mM MgCl 2 and 5 mM 2-mercaptoethanol (buffer A) and broken by ultrasonic probe sonication as previously described (24) . The sonicate was centrifuged at 27,000 ϫ g for 30 min at 4°C. The supernatant was transferred to a Teflon centrifuge tube, and TCA was added to achieve a 10% final concentration. The mixture was stirred for 30 min on ice followed by centrifugation at 15,000 ϫ g for 30 min at 4°C. The clear supernatant was transferred to a new tube, and TCA was removed by three extractions with diethyl ether. The remaining aqueous phase was dried on a rotary evaporator and reconstituted in 5 ml of water. In the case of M. tuberculosis H37Rv, 10 g of harvested cells (wet weight) was resuspended in buffer A, disrupted in a mini bead beater with 0.1-to 0.15-mm zirconium beads (Biospec Products, Bartlesville, Okla.) and 25 1-min pulses with 1 min of cooling on ice between the cycles. The lysate was centrifuged twice at 5,000 ϫ g to remove unbroken cells and zirconium beads and processed as described for M. smegmatis.
Isolation of the nucleotide-linked precursors of peptidoglycan biosynthesis from the cell lysate. A Sephadex G-25 (116-by 2.5-cm) column was equilibrated with 75 mM ammonium acetate (pH 5.0) and calibrated with authentic UDPMurNAc-pentapeptide and UDP-MurNAc-tripeptide. The reconstituted lysates from M. smegmatis and M. tuberculosis were loaded on the column and eluted with equilibration buffer. Fractions were monitored for absorption at 262 nm, pooled, and lyophilized three times to remove ammonium acetate. The amino acid compositions of the isolated nucleotide precursors were determined at the Protein Structure Core Facility, University of Nebraska Medical Center, Omaha, where the samples were subjected to vapor hydrolysis using 6 N HCl with phenol and sodium sulfite for 20 to 24 h at 110°C under argon. Amino acids were then analyzed with a Beckman 6300 analyzer (Beckman Coulter, Fullerton, Calif.) using postcolumn ninhydrin detection.
Preparation and purification of muropeptides. The nucleotide-linked precursors purified with Sephadex G-25 were resuspended in 2 M TFA and incubated at 60°C for 1 h. The hydrolysate was cooled and dried under vacuum to remove TFA. The resulting muropeptides were further purified by size exclusion chromatography on a Superdex peptide 10/300 GL column connected to a Waters (Milford, Mass.) model 600 controller, a model 600 pump, and a model 2487 UV detector. The column was equilibrated and eluted with 30% acetonitrile containing 0.1% TFA with a flow rate of 0.5 ml/min. The absorbance of the effluent was monitored at 214 nm. The muropeptide-containing fractions were dried under vacuum and stored at Ϫ20°C.
MS analysis of the muropeptides. HPLC-purified muropeptides from the isolated nucleotides were suspended in HPLC-grade water at a concentration of about 10 M for liquid chromatography-mass spectrometry (LC-MS) analysis. An aliquot (20 l) of the suspension was applied to a 2-by 150-mm Hypersil ODS (C 18 ) column connected to an Agilent 1100 (Agilent Technologies, Palo Alto, Calif.) HPLC system. The muropeptides were eluted with a 2-to-30% linear gradient of acetonitrile in 0.5% formic acid at a flow rate of 320 l/min. The effluent was introduced directly into a Finnigan LCQ Duo electrospray mass spectrometer (Finnigan-Thermoquest, San Jose, Calif.), and the muropeptides were analyzed by MS and tandem MS. The electrospray needle was operated at 4 kV with a sheath gas flow of N 2 at 40 lb/in 2 and a capillary temperature of 200°C. Tandem MS was performed on the fly of the most dominant ion of the previous MS scan or from a preselected list of [MϩH] ϩ ions. For this purpose, standard MurNAc-pentapeptide was prepared from UDP-MurNAc-pentapeptide by subjecting it to mild acid hydrolysis with 2 M TFA at 60°C for 1 h to remove UDP. The hydrolyzed samples were cooled to room temperature, dried under vacuum to remove TFA, and dissolved in HPLC-grade water prior to LC-MS analysis.
Preparation and analysis of amino sugars from nucleotide-linked peptidoglycan precursors. The muropeptides obtained after Superdex peptide column chromatography were resuspended in 200 l of 50 mM 2-[N-morpholino]ethanesulfonate buffer (pH 6.0) containing 1 mM MgCl 2 , followed by the addition of 10 U of mutanolysin and incubation for 16 h at 37°C to remove the peptide moiety. The reaction was deproteinated by ethanol precipitation, and the supernatant was transferred to a 13-by 100-mm glass tube and dried under vacuum. Scyllo-inositol was added as an internal standard, and the sample was dissolved in 3 N methanolic-HCl, tightly capped, heated at 80°C for 1 h, cooled to room temperature, and dried under a stream of N 2 . Tri-Sil reagent was added, the sealed tubes were heated at 70°C for 20 min and cooled to room temperature, and the reagent was evaporated under a stream of N 2 . The derivatized products were dissolved in hexane and analyzed in a trace GC 2000 gas chromatograph (Finnigan-Thermoquest) linked with a Polaris mass detector (Finnigan-Thermoquest). MurNAc and GlcNAc standards were prepared in the same way and analyzed for comparison.
Preparation and analysis of amino sugars from peptidoglycan. Peptidoglycan was prepared according to procedures previously described (7, 18, 29) with some modifications. In brief, the cell lysate was prepared and centrifuged at 27,000 ϫ g and the pelleted cell wall was repeatedly extracted with 2% sodium dodecyl . The SDS-insoluble peptidoglycan was digested with pronase to remove any residual proteins (13) and extracted again with SDS. The resulting mycolylarabinogalactan-peptidoglycan complex was subjected to mild base (0.5% KOH in methanol) followed by mild acid (0.05 M H 2 SO 4 ) to remove mycolic acids and arabinogalactan, respectively (7). The purified peptidoglycan was washed with water and lyophilized, and 2 mg was suspended in 0.5 ml of 10 mM sodium acetate (pH 5.0). Purified Chalaropsis spp. muramidase (25 g) was added, followed by incubation at 37°C for 16 h (36). The soluble muropeptides were recovered after centrifugation at 27,000 ϫ g, and the enzyme was removed by ultrafiltration. The muropeptides were further digested with mutanolysin as described above to remove the peptide side chains. The resulting disaccharide was digested with ␤-N-acetylhexosaminidase to obtain the amino sugars. The enzyme was removed by alcohol precipitation, and the amino sugars were derivatized with Tri-Sil prior to analysis by gas chromatography and MS (GC-MS), as described above.
RESULTS
Analysis of the N-acylmuramic acid residues from mature peptidoglycan. The peptidoglycan-derived N-acylmuramic acids were analyzed by GC-MS as described in Materials and Methods. The retention times of the MurNAc and MurNGlyc residues isolated from M. tuberculosis were 11.37 and 13.25 min, respectively, and the identity of these peaks was confirmed by MS using unique diagnostic ions for the compounds (Fig. 1) . MurNGlyc and MurNAc appear to exist in an approximate 7:3 ratio, although the MS data represent a qualitative analysis of the compounds; the actual relative abundance may be somewhat different. Thus, the muramic acid residues from M. tuberculosis peptidoglycan were found to be a mixture of MurNGlyc and MurNAc (Fig. 1) , as were those from M. smegmatis peptidoglycan (data not shown).
Isolation of nucleotide-linked precursors of peptidoglycan biosynthesis. The cell lysate obtained from M. smegmatis cells grown without drug treatment showed very little UDP-N-acylmuramyl-pentapeptide based on the absorbance of the Sephadex G-25 column fractions at 262 nm (A 262 ) ( Fig. 2A) , as did that obtained from M. tuberculosis (data not shown). However, sufficient quantities of the nucleotide precursors were obtained from untreated cells to allow MS analysis. Cell extracts obtained from vancomycin-treated M. smegmatis (Fig. 2C) and M. tuberculosis (data not shown) cells showed an accumulation of a material corresponding to standard UDP-MurNAc-pentapeptide from E. coli. Amino acid analysis of the M. smegmatis-derived material gave an Ala/Glu/DAP ratio of 2.8:1.2:1.0, or an approximate ratio of 3:1:1, as expected. The lysate from D-cycloserine-treated M. smegmatis cells also showed accumulation of a large peak (Fig. 2B) , presumably UDP-N-acylmuramyl-tripeptide, since it had an Ala/Glu/DAP ratio of 1.1:1.2: 1.0.
Analysis of the muropeptides from untreated mycobacteria. The nucleotide precursors obtained from the Sephadex G-25 column were hydrolyzed with TFA to remove UDP, and the resulting muropeptides were further purified on the Superdex peptide column. This step helped to eliminate several impurities as well as salts, yielding highly purified muropeptides. Those obtained from both drug-treated and untreated cells of M. tuberculosis and M. smegmatis were analyzed by LC-MS. The positive ion mass spectrum of the muropeptides obtained from untreated M. tuberculosis cells were dominated by two molecular ions, m/z 808.2 and m/z 824.2 (Fig. 3) . The corresponding monosodium adducts (m/z 830.3 and m/z 846.3) were also observed. The calculated monoisotopic mass of MurNAcpentapeptide is 807.3. When m/z 808.2 was subjected to tandem MS, it generated a series of fragments (Fig. 4) , including were identical to the daughter ions from MurNAc-pentapeptide, except that the b-ion was 16 atomic mass units (amu) larger. Therefore, the additional 16 amu are due to modification of the muramic acid residue (which is only present in this fragment), indicating that the acetyl residue had been replaced with a glycolyl residue. Muropeptides isolated from untreated M. smegmatis produced identical mass spectra.
Analysis of the muropeptides from drug-treated M. tuberculosis and M. smegmatis. The muropeptides obtained from vancomycin-treated M. tuberculosis consisted of a mixture of ions of m/z 824.2 and m/z 808.2 in a ratio comparable to that in the nontreated cells, which was typically 7:3 but showed some variability from experiment to experiment. GC-MS analysis of this product after mutanolysin treatment and acid hydrolysis yielded both MurNGlyc and MurNAc in a similar ratio. However, muropeptides isolated from M. smegmatis after vancomycin treatment were almost exclusively MurNGlyc-pentapeptide (m/z 824.2) ( Table 1) .
The positive ion mass spectrum of the M. tuberculosis mu- 
DISCUSSION
The pool level of UDP-MurNAc-pentapeptide has been calculated to be about 10 5 molecules per E. coli cell (22) , a figure likely to be similar in other organisms. This low abundance poses major obstacles to the isolation and analysis of these crucial precursors from any organism. Previously, this problem had been addressed by treating bacterial cells with peptidoglycan biosynthesis inhibitors to allow accumulation of the precursors, thus enabling isolation of tangible quantities for analysis (3, 17) . Studies of the biosynthetic precursor UDP-Nacylmuramyl-tripeptide from M. tuberculosis and M. phlei (28, 33) determined that all the muramic acid residues were, apparently, completely NGlyc substituted. Since UDP-MurNGlyctripeptide is the immediate precursor of the UDP-MurNGlycpentapeptide, all of the UDP-N-acylmuramyl-pentapeptides should be NGlyc substituted, as has been the supposition (5, 7, 18) . In turn, this scenario points to peptidoglycan containing MurNGlyc exclusively, as has been reported elsewhere (7, 18, 19) .
However, our analysis found that the muramic acid residues in mature peptidoglycan of mycobacteria consist of a mixture of the NGlyc and NAc derivatives. We expected that detailed analysis of the nucleotide-linked precursor of peptidoglycan would reflect the nature of mature peptidoglycan. Therefore, we attempted to isolate the final nucleotide-linked precursors from both M. tuberculosis and M. smegmatis, avoiding prior treatment with peptidoglycan biosynthetic inhibitors. This goal was successfully met through the application of a modified version of the protocol of Mengin-Lecreulx et al. (22) . On analysis, muropeptides isolated from M. tuberculosis and M. smegmatis were also shown to contain both MurNGlyc and MurNAc residues.
Our analysis of mature peptidoglycan from mycobacterial species is consistent with the mass spectra presented in the original identification of NGlyc residues in peptidoglycan isolated from M. smegmatis (1, 19) ; however, the observation that M. smegmatis peptidoglycan could contain both MurNGlyc and MurNAc appears to have received little attention after it was reported that mycobacterial nucleotide-linked precursors were exclusively NGlyc substituted (19, 28, 33) . In these studies D-cycloserine, an inhibitor of the D-Ala-D-Ala ligase, was used to allow accumulation of these intermediates and facilitate isolation and characterization. We hypothesized that the discrepancy between our results and the earlier ones was due to D-cycloserine treatment, and we tested this idea by isolating the nucleotide-linked intermediates from M. tuberculosis and M. smegmatis cells following D-cycloserine and vancomycin treatment. The results indicated that this is indeed the case (Table  1) . Interestingly, vancomycin and D-cycloserine appear to have different effects on M. tuberculosis and M. smegmatis. Muropeptides isolated from M. smegmatis treated with vancomycin were exclusively the NGlyc derivative, while those from M. tuberculosis treated similarly were a mixture (Table 1) . However, treatment of M. tuberculosis with D-cycloserine resulted in muropeptides containing exclusively NGlyc-substituted muramic acid as previously reported (28, 33) .
The effects of the drugs are perhaps due to perturbation of the biosynthesis through a direct effect on the putative NAc/ NGlyc hydroxylase (8, 9) . Alternatively, the drugs could affect the equilibrium of peptidoglycan recycling (26, 27) . The pres- ence of peptidoglycan recycling pathways in Mycobacterium is yet to be established, but recycling similar to that first identified in E. coli has been demonstrated in other organisms (14, 23, 26, 27) . Although the mechanism by which D-cycloserine and vancomycin exert their effects on glycolylation of nucleotide-linked peptidoglycan precursors is unclear, we have unequivocally shown that the muramyl peptides of both the mature peptidoglycan and the UDP-muramyl peptides of untreated mycobacteria contain a mixture of MurNGlyc and MurNAc.
